Brazil as well as the rest of the world, faces a major challenge related to the electricity sector, to meet the growing demand with energy production from renewable sources. Many hydroelectric plants are being implemented, especially in the northern region of Brazil, but its environmental impacts are yet unknown. Energy produced by hydropower plants has been considered totally renewable and clean, but more recent studies describe analysis pointing to the existence of emissions by hydroelectric plants, especially if a lifecycle approach is considered. Thus, the objective of this study is the investigation of environmental impacts of the construction, operation and decommissioning of a hydroelectric power station based on life cycle assessment. The main focus is the Curuá-Una hydropower plant that is located in the Amazon forest in northern Brazil, in Santarém municipality (Pará state).
INTRODUCTION
A major challenge with regard to the energy sector in the coming years is to produce clean energy at low cost and minimal emissions, with sufficient capacity to meet the growth in demand. The Energy Research Office (Empresa de Pequisa Energética -EPE) studies record the growth forecast of the world economy of 3.7% per year for the next 10 years, which consequently leads to an increase in electricity consumption to meet the different sectors such as industry, services, households, etc. [1] .
Brazil's electrical demand in 2014 was 463.1 TWh and the Brazilian Energy Planning has considered scenarios with increased electricity consumption of 3.9% per year until 2024 [2] . In addition, research from the International Energy Agency (IEA) acknowledges the electricity sector as responsible for 40% of Greenhouse Gas (GHG) emissions, being considered an important factor of environmental impact and consequently of climate change [3] .
Discussions on the subject already in the 70's (World Climate Conference), pointed the need for action on climate change. In 1997, the Kyoto protocol established the commitment of many countries to reduce GHG emissions. Thus, the search for possibilities of replacing products and processes that have significant amounts of GHG emissions by those more sustainable has increased, including energy production from renewable sources.
Hydropower Plants (HPP) generate most of the electricity produced in Brazil (65%) and there are more projects for implementation in order to increase production. The hydroelectric potential of the northern region alone is estimated at 100,370 MW (40.6% of all Brazil), examples of which are the Belo Monte HPP on the Xingu River (to enter into operation in 2016, with 4,500 MW) and other planned plants [4] . Thus, the northern region is configured as the major power generator in the country, with potential for development given its strategic position. However, such potential of the region in the electricity sector should be further investigated because, although several studies point out that the hydropower is considered a renewable source with low environmental impact [3] , some researches show that there exists environmental impact factors linked to these plants, especially in dams located in rainforest areas [5, 6] .
Knowing the environmental impacts of different product systems is an essential requirement for decision-making that can be achieved with Life Cycle Assessment (LCA). LCA is an environmental management tool defined as "a process to evaluate the environmental burdens associated with a product, process, or activity by identifying and quantifying energy and materials used and wastes released to the environment, and to identify opportunities to effect environmental improvements" [7] . LCA enables identification of the most significant impacts and the stages to be observed for improvement, avoiding the damage to be spread from one stage to another, an environmental problem to another or from one region to another within a systematic and holistic approach [8] . According to ISO 14040, LCA shall include four steps: definition of goal and scope, inventory analysis, impact assessment and interpretation of results [9] .
Currently, the LCA is being used for decision making in choosing the best option in many contexts as chemical engineering [10] , use of disposable packaging [11] , transporting products [12] , and frequently in energy production. For example, Yue et al. [13] used LCA to study the sustainable design of potential hydrocarbon biofuel supply chain network. Guineé et al. [14] review the history of the LCA and discuss current and future developments; and Finkbeiner [15] used LCA as basis for environmental declarations and carbon footprint of products. Queiroz et al. [16] used LCA to analyze the energy balance of biodiesel production from palm oil in the Amazon. Dones et al. [17] implemented LCA to cover all main energy chains associated with installed electricity and heating technologies, with focus on the Swiss and Western Europe. Matuszewska [18] used LCA to identify the optimal configuration for geothermal systems. Garcia-Valverde et al. [19] , Desideri et al. [20] and Laleman et al. [21] applied LCA to estimate the environmental impact of photovoltaic systems. Brizmohun et al. [22] implemented LCA to analyze the electricity generation in Mauritius. Many authors have analyzed HPP's lifecycles because of the importance of hydropower in the world scenario [23] [24] [25] .
LCA is used in this work to survey environmental impacts in the production of energy from a small HPP in the Brazilian Amazon. The plant analyzed is the Curuá-Una HPP -(Santarém, Pará State, Northern Brazil). These data are analyzed in the openLCA 1.4.2 software (www.openlca.org), and the Ecoinvent 3.1 dataset (www.ecoinvent.org); producing values linked to a functional unit, allowing the comparison between other plants. Hydroelectric LCA should be performed including all the phases. The results obtained in the present study point out the main contributors for environmental impacts of the Curuá-Una HPP and that the constructions phase is mainly responsible for the burdens. Some studies show only the operation phase, because, generally, it is very difficult to find data regarding the construction of the plants. The inventory of Curuá-Una HPP was conducted through interviews with experts who participated in the construction work, as well as technical reports.
The methodology used in this study follows the ISO standards but there are also other references for this work. LCA studies conducted by other researchers such as Turconi et al. [26] that developed a framework for environmental analysis and modeled scenarios for low carbon emission. Ribeiro [24] developed a work to create Brazilian bases of LCA using the Itaipu HPP data and Pang et al. [23] developed LCA of the small HPP in China.
The main contributions of the present work are:  Curuá-Una HPP inventory including equipment data and infrastructure material;  LCA of the Curuá-Una HPP covering the construction, operation and decommissioning phases;  Evaluation of the main impact categories for these phases including Global Warming (GWP), Abiotic Depletion (ADP), Acidification (AP), Freshwater Aquatic Ecotoxicity (FAETP), Human Toxicity (HTP);  Reports of the inputs that are major contributors of environmental impact;  Sensitivity analysis of a different scenario, with a lower level reservoir. The remainder of this article is organized as follows. First, the energy production scenario considering renewable energy resources in Brazil is presented; then the materials and methods are described. In the last section, results are discussed and conclusions are presented.
ENERGY PRODUCTION SCENARIO CONSIDERING RENEWABLE ENERGY RESOURCES IN BRAZIL
According to REN21 [27] , 77.9% of the electricity produced in the world is by non-renewable resources (fossil fuels and nuclear) and only 22.1% is from renewable sources. Countries with greater capacity to produce energy from renewable sources are China, USA, Brazil, Canada and Germany [28] . The Brazilian energy grid is considered an example for the world in the use of clean and renewable sources. According to the statistics the installed capacity of electric power matrix of Brazil reached in 2015, 133,914 MW, with 65.2% of hydropower, 13.8% of natural gas, 7.3% of biomass, 6.9% of oil products, complemented by other sources. With size and characteristics indicating that it is unique worldwide, Brazilian production and transmission electricity system has strong predominance of HPP's [4] .
The HPP expansion takes advantage of the existing potential in the country, especially in the northern region, in the Legal Amazon. The International Amazon refers to the northern part of South America, and the Brazilian part is called Legal Amazon, covering an area of approximately 5,215,423 km 2 . It represents 59% of the Brazilian territory, with a population of approximately 24 million people [29] . The main energy resource of the region is through hydropower. Tucuruí (8,370 MW) provides most of the electricity to the region, which complements the other plants like Samuel (210 MW), Coracy Nunes (78 MW), Balbina (250 MW) and Curuá-Una (30.3 MW). Thermoelectric power is used in some situations to complement the demand. The plants of Belo Monte (4,500 MW), São Luiz do Tapajós (6,133 MW), Santa Isabel (1,080 MW), Jamanxim (802 MW) among others, are expected to come on stream in the coming years and will also integrate the National Integrated System (SIN) [30] .
The Curuá-Una HPP is located at the region of Santarém municipality. Santarém is a city in northern Brazil, in the western region of Pará state, to 2° 47' 22" south latitude and 54° 17' 30" west longitude, it is at a distance of 807 km, straight from the city of Belém, Pará State capital. Located on the right bank of the Tapajós River, at the confluence with the Amazon River, Santarém has a tropical climate, hot and wet. It's average annual temperature varies between 25° and 28 °C with a relative humidity of 86%. During the year the average rainfall is of about 1,920 millimetres. The power supply to Santarém city occurs by SIN interconnection extension at 138 kV, from the Tucuruí HPP, with a capacity of about 80 MW for this interconnection. Curuá-Una HPP (30.3 MW) and Santarém Thermoelectric (10 MW) complement the current demand of 110 MW.
Although the HPP's represent the largest potential for energy generation, in Brazil, there are many restrictions to their deployment. Among these concerns are: large area of flooded forests and consequently the elimination of flora and fauna [28] , change in the navigability of rivers [31] , destruction of potential agricultural areas in order to form the reservoir [5] , carbon dioxide and methane emissions [5] , etc. In addition, the energy generated will not reach many remote locations (riverine and indigenous communities) because the plants will be linked directly to the SIN. The challenge is to find ways to harness this potential without causing environmental impacts, and to invest in studies for the use of other energy sources such as solar and wind.
MATERIALS AND METHODS

Characterization of the Curuá-Una HPP
The Curuá-Una HPP is located 70 km SW from Santarém (2° 50' S, 54° 18' W) in the Curuá-Una River in Brazil's Amazonian state of Pará, and it is in operation since 1977. Most of the reservoir is in the Curuá-Una River valley (57.4%), but parts of it occupy tributary valleys of the Rivers Moju (11.7%), Mojuí (4.4%) and Poraquê (3.2%), plus several small streams (2.9%) [5] . The construction of the plant was a challenge as a work of engineering. It was the first work of it's kind in Brazil, in sandy terrain, requiring different technology from other works of this type [32] , the reservoir was filled from January to May 1977, and occupies 102 km 2 at its normal operating level of 68 m above mean sea level (see Table 1 ). Initially the plant was designed to meet the demand of the cities of Santarém and Aveiro. However, with population growth greater than expected, it was necessary to add the extra demand through Tucuruí system, installed on the Tocantins River. Until 1985, Curuá-Una had two turbines with generating capacity of 20 MW. Nowadays, Curuá-Una has three turbines with generating a total output of 30.3 MW. The fourth turbine with 12.5 MW will be deployed by 2017, and will increase Curuá-Una capacity to 42.8 MW. The calculation of production potential for 100 years considers the real capacity of the plant with 92.89% efficiency, according to the current management of the plant. Thus, the generating production is 18 MW during 8 years, 28 MW during 32 years and 39 MW to 60 years, for a total of 29,976,720 MWh in 100 years. All inputs of materials and supplies were considered for production of total energy. Curuá-Una HPP has an energy density of approximately 0.29 MW/km 2 .
Goal and scope definition
The goal of the study is to survey the life cycle environmental impacts on generation in Curuá-Una HPP by using LCA. In the first stage of LCA it is important to define the functional unit and system boundary. Thus, the amount of energy in MWh is used as functional unit. All data in the study are related to this amount of energy produced and the environmental impacts are expressed with bases in 1 MWh. According to technical planning for Curuá-Una HPP, the lifetime of the plant is 100 years, for both the equipment and the dam infrastructure. The system boundary is often a subjective decision, because it depends on the scope and purpose of the study, and should be described in detail so that comparisons between studies can be made [27] . For this study, LCA includes the stages of construction (infrastructure and equipment), operation and decommissioning ( Figure 1) . The transport of all the material and equipment for the implementation of the plant are also included, considering that most of these were transported through great distances. Transmission and distribution for electrical network are beyond the scope of this study. 
Life Cycle Inventory (LCI)
In this phase the data collection and modelling of the system is done, and every input (raw material, fuel, water, energy, etc.) and every output (product, emissions, waste, etc.) is recorded. Data for this research include primary data, which were obtained through interviews with the technical manager of the plant and the secondary data that were obtained from literature, technical reports and from the Ecoinvent 3.1 database in the openLCA 1.4.2 platform. The inputs were quantified with regard to the functional unit of 1 MWh and are listed in Table 2 . Construction. Construction is the phase where there is a large consumption of materials and equipment for the infrastructure of the plant. Given the period when the plant was built, many data were calculated and weighted based on surveys conducted in other plants [24, 28] . Cement, rock, sand, iron and steel make up the reinforced concrete used to the dam infrastructure. Although Curuá-Una is an earth-rock fill dam, it used concrete for powerhouse, adduction channel, tailrace, etc. Steel and copper to turbines, structural steel, timber, explosive, asphalt and diesel to electricity are included in the input of the construction phase. Regarding the land use, the flooded area and the infrastructure around the reservoirs is considered as transformation area. The total plant area (4,000 km 2 ) was included as occupation area.
Operation and maintenance. This phase of the HPP requires fewer resources, because it uses the flow of water to generate energy. However, to keep the plant in operation some inputs are needed, such as lubricating oil, the fuel support vehicles, electricity, etc. Curuá-Una's last maintenance was carried out in 2011, with repairs to ensure perfect operation of the equipment. As no heavy structure was replaced, inputs concerning the maintenance phase were not included, but the increased capacity of the Curuá-Una HPP, planned for the 2017, with the further of the one turbine has been included as an operation/maintenance phase.
Transportation. The Curuá-Una plant is located at great distance from the places of production of the equipment and materials used. Thus, all the transport of equipment and materials for building the dam infrastructure were considered. It included the weight of equipment carried and the distance traveled. According to the technician responsible for the plant, some equipment such as turbines and generators were purchased from companies at São Paulo state and road transport was used to the Belém city (2,830 km), arriving in Santarém city by river (876 km). The cement came from Venezuela to Manaus by road (2,237 km) and by ferry to Santarém (739 km). Equipment such as tractors, cranes, bucket trucks, etc., came from São Paulo, using air transport. And all the material that arrived in Santarém city followed the road until the Curuá-Una plant (70 km).
Decommissioning. It is not known how the HPP ends it's lifetime, but studies presume that the dams are not removed, but abandoned or replaced. Furthermore, it seems probable that the other parts of storage power stations are replaced by new plants at the end of their lifetime [28] . Thus, it was considered that the material used in the construction would remain on-site, but being partly used for recycling.
Some inputs presented in Table 2 were calculated from information on the plant itself, and others were calculated based on other work as follows: although no direct data on consumption of explosives is available, an indirect calculation was performed. According to Ribeiro [24] , it takes 0.4 kg of explosive for 1 m 3 excavated rock. Therefore, for 127,600 m 3 of rock, it takes 51,040 kg of explosives. The excavation volume was calculated according Itaipu data [24] , considering the proportion to Curuá-Una. The timber was used only for concrete frames, considering that for each m 3 of concrete, 12 m 2 timber was used. The quantities of steel turbines, generators and transformers were obtained directly from the manufacturer. Since the turbine's models were those commonly used by the time of construction (more than 40 years ago), data were approximated as well as the amount of copper. The operation phase data were obtained directly from the spreadsheets provided by the management of the Curuá-Una plant. The values in Table 2 refer to the total quantities (total input column) and the ratio of the total amount of each input by the total energy produced in 100 years, in MWh (unit input column).
Life Cycle Impacts Assessment (LCIA)
The LCI results shown in Table 2 are the input to the LCIA phase and are converted into the related environmental impacts based in characterization and classification models [9] . There are different methodologies that can be applied, e.g., CML 2001, Recipe 2008, Eco-Indicator 99, IPCC 2013, TRACI and ILCD 2009 [34] . In this study, the CML 2001 method was used. The fluxes that were used to the Curuá-Una LCA were selected from the Ecoinvent database and the categories evaluated are described below.
Acidification Potential (AP). Acidification results of the sulphur dioxide (SO 2 ), ammonia (NH 4 ) or nitrogen oxides (NO x ) reaction with water, causing the "acid rain". It is expressed using the reference unit, kg SO 2 equivalent [35] .
Global Warming Potential (GWP -100 years). Potential global warming expresses the climate changes referent to the global temperature caused by "greenhouse gases" released by human activity. GWP is expressed as over the time horizon of different years, being the most common 100 years (GWP100), measured in the reference unit, kg CO 2 equivalent [35] .
Abiotic Depletion Resources (ADP). This impact category refers to the consumption of non-biological resources such as fossil fuels, minerals, metals, water, etc. The scarcity of a substance is what appoints it's depletion and is measured in antimony equivalent [35] .
Freshwater Aquatic Ecotoxicity Potential (FAETP). Environmental toxicity is the toxic effects of chemical on an ecosystem, in this case in the freshwater, causing biodiversity loss and/or species extinction. Characterisation factors are expressed using the reference unit, kg 1.4-dichlorobenzene equivalent (1.4-DCB) [35] .
Human Toxicity Potential (HTP). The HTP is considered the toxic effects of chemicals on humans. It reflects the potential harm of a unit of chemical released into the environment that are caused, for the most part, by electricity production from fossil sources. HTP is measured in 1.4-dichlorobenzene equivalent, as FAETP.
RESULTS AND DISCUSSION
In this section, the main results of the present research are presented and discussed. Graphical representation and tables are used to express these results. Table 3 shows results on contribution of life cycle phases in each impact categories that are also represented in percentage in Figure 2 . The complete cycle represents the total inputs of the all phases. Note that the quantities are in relation to 1 MWh for 100 years of production. HTP, GWP and FAETP are the most affected categories, and have more emissions during the construction phase. This is because fossil fuel was used for electricity production in this phase, which is a great contributing factor in these impact categories. In the case of the Curuá-Una LCA, the transport is the most important emitter in the operating phase, since most of the equipment and materials for plant construction were brought from distant locations, various types of transport as airplanes, trucks, ferries, etc. being necessary. It is important to notice that the low results for the operation phase are due to lack of data about the emissions of CH 4 and CO 2 in the flooded area. These emissions should be measured directly in the reservoir. The methodology used in this work (LCA), does not include this analysis process. Negative results of the decommissioning phase is due to the waste stream and recycling used in Ecoinvent database. More investigation should be made in the case of this plant, because it is not known if there is a possibility of recycling the material, after it's disabling. Figure 2 shows which is the most important phase in different impact categories. The construction phase contributes highly in all impact categories. The operation phase contributes with emissions to the ADP and HTP, and the transport phase with emissions to AP and ADP.
The LCA methodology also allows assessing which are the inputs that have more influence on environmental impacts. Among the inputs that are part of this work (see Table 2 ) the seven most significant in this graphical analysis are included, in percentage values. The results in Figure 3 show that the largest contributor to these impacts is the steel used both for infrastructure as for equipment such as turbines and generators, as shown in Table 2 . The concrete used in construction phase contributed, mainly, in the amounts found to GWP, and also to AP and ADP. Transport contributed to environmental impacts AP, GWP and ADP and petroleum refinery operation to ADP. There are different methodologies to assess the environmental impacts of hydropower. A direct comparison between HPP's is difficult and should be uses with care because HPP's are highly site-specific [36] and it's environmental impacts are associated with it's characteristics. Dones et al. [17] has conducted a study based on data from more than 50 Swiss reservoir plants and highlighted that "these results should not be considered as representative for single power plants in any of these regions". Brizmohun et al. [21] conducted a study with a set of plants located in the southeast coast of the African continent. They considered the functional unit of 1 kWh of electricity delivered to the consumer and lifetime of 150 years. The study conducted in China in hydropower The analysis suggests the need for specific studies for each plant, as it is important to consider the influence of geographical location, climate, age of the reservoir, the properties of water, etc.
Sensitivity analysis
The variation in the rain of the region promote the fluctuation in the reservoir minimizing and maximizing the water flow and have as consequence the unstable operation of the plant. In the year of the 2015, the dry season (May to September) in northern Brazil was more intense than usual, causing a reduction in the level of Curuá-Una reservoir. With the purpose of obtaining an analysis of the consequences for the environmental impacts in this condition, it was considered that the reservoir level was 4 m lower than its normal level, reducing its capacity to 70% (data provided by the HPP staff). The amount of energy produced with capacity of 70% for 100 years, is approximately 22,110,240 MWh. With this production factor, a simulation was performed to be compared with the normal level of production. Table 5 shows the results of the simulation of this scenario, considering the impact category expressed in Table 3 . The environmental performance in this condition was largely affected. Note that all impact categories increased when the production of the plant was reduced.
CONCLUSIONS
The aim of this study was to perform a LCA of Curuá-Una dam, advancing in research on the environmental impacts of hydroelectric dams in tropical regions. After all the efforts made in the inventory stage of this research, data were obtained from direct sources, covering many real characteristics of Curuá-Una plant, contributing to reliable results. However, some data have been obtained and adapted from other researches [6, 24] , and due to lack of proper flows for this study, some inputs to the LCA used the Ecoinvent database, which built the flows based on different regions of Curuá-Una. It is important to carry out more studies on energy producing plants in the tropics, using the LCA methodologies, so that these data are consolidated, becoming a better database for these regions.
For LCA, the construction phase showed the highest contribution to environmental impacts. At this stage, the inputs that had the greatest influence were the steel used in the turbines and concrete in buildings such as spillway, penstock, powerhouse, etc. The operation phase caused no major impact when analyzed by this method. The transport of all equipment by long distances pointed to an increase in the emissions to acidification potential, global warming and depletion of abiotic resources. Hydropower has a long life, so there is no data from deactivation of a plant, however, the results must be evaluated with more supporting research on this phase.
Many studies on hydroelectric emissions have been conducted using other methodologies highlighting the plant operation phase and emissions from flooded area, overlooking the construction phase, as in [5, 36, 39] . LCA allows input of supplies in all phases, enabling a more complete study of the environmental impacts. The variation in literature and the many open questions about the origin of the environmental impacts and development over time leads to some uncertainties. However, with more studies conducted, more realistic data and information will be available.
This project is expected to provide a LCA of the Curuá-Una HPP (Santarém/Pará/Brazil), and disseminate the results so that they can be compared with other studies using this methodology. This research is part of a larger project that aims to make LCA energy production units of alternative sources and obtain solutions to support decision-making in the operation and planning of generating units that can meet the demand of the region [26] . In addition, as a result of this study an innovative methodological framework will be available for assessing environmental impacts in decision-making within the perspective of sustainable development.
